The present work reports the effect of the degree of α ionization of poly(4-vinylpyridinium) salts (P4VPS) on the insertion of these polymer salts into bentonite. Nanocomposite materials made of a Na-montmorillonite mineral with poly(4-vinylpyridinium) salts (P4VPS) have been synthesised and characterised. The modified samples were studied by X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The basic spacing of unmodified montmorillonite, determined by XRD, was measured to be 1.38 nm; it was found to increase after modification up to 1.50 nm. The insertion capacity of P4VPS into bentonite increased with the increasing degree of quaternisated nitrogen sites in the polymer.
Introduction
Polymer/layered silicate nanocomposites have attracted the attention of scientific researchers over the last 20 years [1] .
The interaction of polymers in layered hosts, such as bentonite type montmorillonite (MMT), has proven to be a successful approach to synthesize nanophase organicinorganic hybrids. Polymer-layered silicates have been prepared by different processing techniques, such as intercalation in solution [1, 2] , in situ polymerization [1, 3] , and direct melt intercalation [1, 4] . Polymerization intercalation is a method based on the use of one or more monomers that may be linearly polymerized in situ or crosslinked. This was the first method used to synthesize polymerlayered silicate nanocomposites based on polyamide 6 [5, 6] . Polymer solution intercalation is based on a solvent system in which the polymer is soluble and the silicate layers are swellable [7] . Melt intercalation is becoming attractive since it came to prominence after 1990 [8] . A number of nanocomposite materials have thus been produced by loading molten polymers with clay, predominantly layered silicates which have been organomodified [8] [9] [10] [11] [12] [13] [14] [15] .
Organoclays have recently attracted much attention in a number of applications, such as polymer-clay nanocomposites [16] [17] [18] . Organoclays are swellable smectite clays, whose surface is rendered organophilic by ionic exchange of the inorganic cations present in the clay galleries by various organic cations or polycations. Each clay particle consists of silicate layers which are about 1 nm thick [16] [17] [18] . Polycations are adsorbed via coulombic interactions between the cationic groups on the polymer and the negatively charged clay surface [19] . The adsorption process is essentially irreversible since desorption requires the simultaneous desorption of all the chain segments and the diffusion of the polycation away from the clay surface and into solution. Evidence for desorption of small amounts of polycation from a cleaved mica surface has been obtained by surface force measurements. Even after 5 days in a K 2 SO 4 medium, very little of the polycations were found to be released [20] .
Nanocomposites of montmorillonite with two poly(4-vinylpyridinium) salts, the quaternized ionene polymer, and poly(4-vinylpyridine), have been synthesized and characterized. Only one macromolecular sheet of poly(4-vinylpyridinium) polyelectrolyte or of quaternized polyelectrolyte enters the interlayer space, irrespective of the amount of the polyelectrolyte used in the intercalation [21, 22] .
The object of this work was to study the effect of the degree of α ionization on the intercalation process. Organophilic MMT was prepared by ion exchange between Na + ions in the clay and polycationic (P4VP + ) in aqueous medium. The nanocomposites were examined by means of X-ray diffraction (DRX) and thermogravimetric analysis (TGA).
Experimental
2.1. Materials. The bentonite used in this work comes from a quarry located in Maghnia (West of Algeria) and was supplied by company "ENOF" (an Algerian manufacture specialized in the production of nonferric products and useful substances). The different chemical elements of the native bentonite were transformed into oxides and analysed by Xray fluorescence (ENOF). Results are given in Table 1 . These results confirm that the bentonite used consists essentially of montmorillonite, since the ratio SiO 2 /Al 2 O 3 is equal to 3.77 and thus belongs to the family of the phyllosilicates [23] . These bentonites form stable suspensions in water and have flat platelets or needle-like structures. Granulometry of the crude bentonite has been performed in the Civil Engineering Department of Tlemcen University using a sedimentation technique with a 0.1% solution of sodium hexametaphosphate; 95% of the grains were found to have a diameter of less than 100 μm. The cation exchange capacity (CEC) was measured to be 80 meq/100 g of clay, and the surface area was 27 m 2 /g, with an average pore size of 7 nm.
P4VP was supplied by Aldrich. Its average molecular weight, close to 60000 g, was determined by capillary viscosimetry, by using an empirical Mark-Houwink power law [24] .
All the solvents were supplied by Aldrich (analytical grade) and used without further purification.
Methods

Preparation P4VPS/Bentonite. 2.5 g of bentonite was
dispersed in 25 mL of distilled water in a 100 mL flask and placed under nitrogen. 0.25 g of P4VP was dissolved in 3.8 mL of methanol. To this solution 1.2 mL of HCl of various concentrations (0.2 M, 0.5 M, 2 M, and 3 M), previously degassed under nitrogen, was added dropwise. The quaternisation for P4VP by various concentrations of HCl (different degree of α neutralization) therefore generated a polyelectrolyte having various load factors.
α is defined as the number of hydrochloric acid molecules per monomer unit,
The mixture was stirred for 24 h, measuring the pH, then precipitated twice with ethyl ether, then filtered, and dried at 60
• C for 24 h. The solid obtained was washed 3 times with 25 mL of distilled water and then 3 times with 25 mL of methanol.
The modified bentonite samples are named P4VPS1, 2, 3, and 4/MMT (see Table 2 ). These samples were characterized by DRX and TGA measurements, as described below. 
Detection Method
DRX Analysis.
The analysis was realised by means of an automatic diffractometer Inel which has a CPS 120 detector and XRG 3000 source, using monochromatic radiation K <1 of copper (1.54Å). The following operating parameters were selected: a weak speed of rotation (0.01
• s −1 ) with a step of 0.01
• and a rather long time to obtain well-defined lines. The domain observed with the angle 2θ ranged from 2
• to 80
• for the native and cleaned bentonite and from 2
• to 15
• for the composite [27] [28] [29] .
Results and Discussion
Characterization of Nanocomposite P4VPS-MMT.
Different samples of nanocomposites were prepared containing various concentrations of poly(4-vinylpyridinium) salts (P4VPSs). These organobentonites were analysed by XRD and TGA.
X-Ray
Analysis. Nanocomposite P4VPS-MMT was obtained by cationic exchange between the inorganic cations in the bentonite galleries and the polycationic surfactants P4VPS N + (poly(4-vinylpyridinium) chloride) in aqueous solution. XRD is a common technique used for examining surfactant intercalation and expansion of clay interlayer spacing after cation or polycation exchange [30] [31] [32] . As the MMT interlayer spacing expands or contracts, the d 001 reflection of XRD will shift proportionally. The d 001 spacing of clay particles was calculated according to Bragg's law
The diffraction patterns of the pure bentonite and nanocomposite are shown in Figures 1 and 2 . The X-ray patterns of pure bentonite showed a diffraction peak at 2θ = 6.39
• , which corresponds to a layer spacing d of 1.38 nm. This value is the same as documented for Na-based montmorillonite [33] . The interlayer of the unmodified MMT contains sodium cations surrounded by one water layer in the equilibrium state [31] . The organic polycations penetrate into the interlayer space replacing the inorganic cations (in this case Na + ). The synthesis of nanocomposites made of montmorillonite mineral with poly(4-vinylpyridinium) salts, quaternized ionene polymer, and poly(4-vinylpyridine) (neutral form) has been reported previously [21, 22] . Figure 1 shows the XRD patterns of organobentonites containing different concentrations of P4VPS polymer salts, and therefore different degrees of α ionization, which were obtained by solution intercalation. The primary silicate reflection at 2θ = 5.98
• in the nanocomposites with a degree of ionization α = 0.1 corresponds to a layer spacing of 1.47 nm, which represents an increase of approximately 0.1 nm. The organophilic treatment not only causes a change in the position of the peak maximum, providing information about the periodicity in the arrangement of the basaltic planes, but it also affects the shape of this maximum (intensity and width) which is directly related to the degree of regularity of the macrolattice. For organobentonite, a sharper peak is observed, which indicates the formation of a more regular structure through this modification [34] .
For the P4VPS-MMT nanocomposites obtained via solution intercalation, the gallery spacing was found to increase slightly with the degree of α ionization. The (001) peak of the P4VPS-MMT sample having a degree of ionization α = 0.25 corresponds to a d value of 1.47 nm (2θ = 5.98
• ), while for the P4VPS-MMT having a higher degree of ionization α = 1.5, the d value was found to reach 1.5 nm (2θ = 6.39
• ). This trend was attributed to the greater concentration of HCl which leads to a more extensive quaternization of the polymer, thus facilitating the penetration of P4VPS into the clay galleries (Figure 2 ).
Thermogravimetric Analysis.
The course of the thermal degradation of these clay-based materials can be closely followed by means of thermogravimetric analysis (TGA). There are three important parameters which characterise the thermal stability of a given material: the onset temperature of the degradation (defined as the temperature at which 10% of the sample is lost), the midpoint of the degradation (50% loss), and the fraction of material that is nonvolatile at 600 • C, known as char [35, 36] . Table 3 and Figures 3 and 4 show the TGA data and the curves from which the data were extracted. For the unmodified bentonite, an initial weight loss between 30
• C 
and 200
• C is observed due to the residual water in the sample. The weight loss observed between 430
• C and 634
• C was attributed to the dehydroxylation of the aluminosilicate [38, 39] . For the P4VPS-MMT-modified clay, the more important weight loss observed was attributed to the polymer salt decomposition between 230
• C and 800
• C. This type of behaviour has been previously observed by Xie et al. [40] , who suggested that montmorillonite acts as a catalyst for the degradation of such organic salts, with a reduction of up to 25
• C in their decomposition temperature. They considered that, in the organoclay, the basic nature of the surface of the aluminosilicate promotes a nucleophilic SN2 reaction or a Hoffman reaction, with formation of alkanes, alkenes, and tertiary amines. This decomposition occurs when the polymer molecules are located either at the outside or in the interlamellar region, at temperatures below the decomposition temperature of the pure quaternary polymers salt (P4VPS). The high-molecular-weight molecules resulting from the polymer salt decomposition are assumed to be retained within the interlamellar region [39] . The actual content of polymeric salt incorporated into the bentonite was evaluated from the difference between the total weight losses International Journal of Inorganic Chemistry 5 observed in the range of 230 to 800
• C for unmodified clay and organoclay.
The amount of polymer salt (P4VPS) inserted into the bentonite structure depends on the degree of α ionization. It was found to increase from 7.2% for neutral P4VP (α = 0) [37] to 8.6% for P4VPS (α = 0.1). This amount rose to a maximum value of 9.6% which is close to the total quantity of P4VPS used (10 w %). It decreased on further increase of the degree of ionization, down to a value of 7.1% for α = 1.5. This decrease was attributed to some reaction of the polymer salt with the increasing amount of HCl. By creating positive charges on the nitrogen atom of the polymer, it causes an increase in the average dimension of polymer chains, due to the repulsion from internal electrostatics. These results thus clearly show the importance of the degree of ionization on the incorporation of P4VPS into bentonite and the resulting exfoliation of this clay.
Conclusion
The insertion of a polycationic surfactant, poly(4-vinylpyridinium) salt (P4VPS) into Algeria bentonite clay particles (Bentonite) was studied. The objectives were to determine the effects of the degree of ionization α of P4VPS on the adsorption capacity of bentonite.
By means of XRD analysis, it was shown how the interlayer spacing in bentonite increases upon insertion of P4VPS. The presence of poly(4-vinylpyridinium) chloride in the interlamellar space (intercalated nanocomposite) has been confirmed by thermogravimetric analysis (TGA).
The results obtained indicate the interest of considering the degree of α ionization and the structure of the polycationic surfactants to predict the capacity of a given bentonite to adsorb these compounds. The high affinity between P4VPS and bentonite was attributed to electrostatic interactions between the clay particles in ambient basic suspensions and the positively charged polycationic surfactant.
The results reported herein should help in selecting the appropriate conditions for achieving an effective exfoliation of the clay particles by treatment with P4VP and quaternary ammoniums salts. The incorporation of organomodified bentonite will affect the crystallisation by generating nucleating sites, especially in the case of bentonite combined to a primary ammonium surfactant.
